A B S T R A C T Transverse muscle strips, 2-mm wide, were cut serially from the gastroduodenal junction in opossums, cats, dogs, and man. Electrical field stimiulation with trains of rectangular current pulses of 0.5 ms in all opossums, all cats, some dogs, and the one human specimen induced relaxation in strips from the thickened circular muscle proximal to the mucosal junction. In some opossums weak relaxations also occurred in the first few strips below the mucosal junction. All other strips contracted or showed no response. This relaxation in opossums was abolished by tetrodotoxin but was not affected by antagonists to adrenergic and cholinergic transmission, nor by tripelennamine, methysergide, pentagastrin, secretin, cerulein, or cholecystokinin. Optimal frequency for stimulus-relaxation was 12 Hz. Chronaxie was 0.85 ms. The junctional strips also showed greater resistances to stretch than those remote from the junction. With apparent species variations, the junctional muscle possesses a nonadrenergic inhibitory innervation which is either absent or unexpressed in adjacent muscle of stomach and duodenum. This suggests the existence of a distinctive inhibitory neural control mechanism for pyloric muscle.
INTRODUCTION
In most species, the gastroduodenal junction (1-3) is marked by a thickening of the encircling muscle just above the mucosal border. This muscle has long been thought to have some special motor function. It is commonly called a sphincter with the unfound implication that it serves as a valve to regulate the egress of gastric contents. The term sphincter,' though commonly applied to this and other junctions between alimentary organs, has never been precisely defined in physiological terms.
Received for publication 31 Decemnber 1973 and in revised form 19 March 1974. ' The term "pyloric sphincter," or "pylorus," is used throughout the text to indicate an anatomical location and not its function. The terms "gastroduodenal junction," or "relaxing strip," may be better and are used interchangeably with "pylorus" or "pyloric sphincter."
In a recent study, narrow strips of muscle cut from the esoplhagogastric junction were compared in terms of the motor responses to intramural nerves excited by electrical field stimulation to similar strips from regions adjacent to that junction. Those studies demonstrated the presence of an inhibitory innervation in the muscle of the esophagogastric junction which was absent in adjacent strips. This property seemed to characterize the segment commonly called the lower esophageal sphincter (4, 5) . Those studies also indicated that the muscle of the esophagogastric junction shows a greater resistance to stretch than adjacent muscle.
The experiments described here were designed to discover similar distinguishing properties of the muscle of the gastroduodenal junction. The hypothesis was that both a distinctive inhibitory innervation and a high degree of resistance to stretch might also exist in the muscle of this junction to support the view that the gastroduodenal junction is physiologically distinct from the gastric antrum and duodenal bulb.
METHODS
Muscle was examined from the gastroduodenal junction in opossums, cats and dogs, and one man. The opossums, cats, and dogs were mature animals of both sexes, anesthetized by either intrapleural or intravenous (dogs) injection of sodium pentobarbital, 40 mg/kg. The antrum and proximal duodenum were measured and marked in situ, removed en bloc, opened lengthwise either along the greater curvature or lesser curvature, and pinned flat to a beeswax block at the dimensions in situ, with the mucosa up. Those blocks of tissue, which were opened along the greater curvature so that the lesser curvature occupied the center of the longitudinal axis, were designed lesser curvature strips. The others were the greater curvature strips. The tissue was put in a tank of Krebs solution, aerated with 95% 02-5%C CO2 at 36-38'C. The Krebs solution had the following composition (mM): NaCl, 115.48; KCl, 4.63; NaH2PO., 1.16; NaHCO3, 21.91; CaC12, 2.47; MgSO4, 1.16; and glucose, 11.5. The junction between the gastric and duodenal mucosa was marked with a suture, and the mucosa was removed from a 5-cm segment extending about 2.5 cm above and below the level of the mucosal junction. In opossums and cats a fibrous band, 1-mm wide, was found encircling the gut in the muscular wall exactly at the level of the mucosal junction, but no such band was se( in the dogs or in man. Just proximal to this b;
was always a ring of thickened muscle, about 3-5-The muscular wall, exposed by mucosal removal, cut into 8-15 serial transverse strips, 2-mm wide cm long by application of an assembly of raz mounted in a clamp. The single strip, which con fibrous band (in opossums and cats) and the corn level in dogs and man, was called the transition strip. Those strips which lay on the gastric called G strips and were numbered serially frc strip, G1, G2, G3, and so on. Those strips which 1 duodenal side were called D strips and were simil bered from the T strip, Di, D2, Di, and so on (Fi Each strip was mounted separately in a 75-m Krebs solution aerated with 95% 02-5% C02 at 3R In each bath, the strip was held in an electrod sembling that described by Blinks (6) Each substance was added as a portion (not exceeding 2 ml) of fresh stock solution in Krebs solution to achieve the indicated bath concentration. These were considered screening experiments, so that single large concentrations were used. The magnitude of resting tension and of stimulus-induced relaxation during control and after adding trial strips various agents was observed. he mucosa
We sought to discover the optimal frequency for the e mucosal relaxation. In each of 10 other opossums, the relaxing in some strip (usually the G1 strip) was stimulated with 10-s thick band trains of 0.5-ms pulses of 300 mA. Frequency was varied s and the randomly from 1 to 20 Hz. The relaxation amplitude for described all stimuli at all frequencies were expressed as a percentage of the largest relaxation observed in each such strip, and the results were averaged for all 10 animals. en grossly
We examined the chronaxie (7) in those strips (usually and, there G1) which were found to undergo stimulus-relaxation in a -mm wide. further 10 opossums. In these experiments, strips exhibiting was then the stimulus-relaxation were stimulated with single pulses and 1-1.5-of variable duration, being reduced from 10.0 to 1.0 ms for blades in 1.0-ms decrements and from 1.0 ms to 0.1 ms in 0.1-ms stained the decrements. At each pulse duration, current strength was responding increased from subthreshold levels until a relaxation was (or T) 2 just apparent at the amplification, 5.0 cm of pen deflection/g side were of tension. For each of the 10 strips, plots were made of >m the T pulse length against current strength. Rheobase was taken lay on the as threshold current strength at 8-10 ms pulse length. larly num-Chronaxie was measured at the pulse duration at which ig. 1).
threshold current strength was twice rheobase.
bath of
The relationship between length and tension was ex-5.5-37.5'C.
[ RESULTS Effects of electrical field stimulation. In 12 opossums, electrical field stimulation was always found to induce relaxation in 1 or 2 strips coming from the ridge of thickened muscle on the gastric side of the T strip. Neither relaxations nor contractions occurred in the other strips on the gastric side of the T strip in response to stimulation. Typical responses from one opossum are given in Fig. 3 . Some gastric strips exhibited spontaneous rhythmic contractions, and these were neither inhibited nor augmented by electrical field stimu- lation. The breadth of the zone of stimulus-relaxation appeared to be slightly greater on the side correspond- An Inhibitory Innervation at the Gastroduodenal Junction S -U Table I for abbreviations.
ing to the greater curvature than on the side corresponding to the lesser curvature. Occasionally, a weak relaxation was seen in three to four strips on the duodenal side of the transitional strip. The distribution of stimulusrelaxation in all 12 opossums is shown in Table I . In four cats, the results were generally like those in the opossums. Prominent stimulus-relaxation occurred in two strips corresponding to the region of the thickened muscular segment just proximal to the transitional Table I for abbreviations. t C, contraction. strip.
Neither the more proximal gastric strips nor the duodenal strips responded to the stimulus at all (Table   II) .
In eight dogs, the responses were different from those of the opossums and cats. In two of the eight animals, one relaxing strip was found at the transitional region, not in the thickened muscle proximal to it. No relaxing strip was found in the other six dogs. All other strips in all animals contracted with the stimulation (Table   III) .
In the one human specimens obtained, two strips coming from the region of thickened muscle proximal to the transitional strip relaxed prominently. The first two duodenal strips relaxed slightly. All other strips contracted with stimulation. (Table IV) . Tetrodotoxin completely abolished stimulus-relaxation at 10' M, but the ability of the muscle to contract in response to long pulses (direct stimulation of the muscle) was still preserved, even at higher concentrations of tetrodotoxin. Tripelennamine, MI, cerulein (8), 1 .5 X 10' AI, and cholecystokinin, 0.5 U/ml, all raised resting tension in the strips from the region of muscle thickening but did not alter the tension achieved during maximal stimulusrelaxation. All the other agents had no effect, either on resting tension or upon amplitude of stimulus-relaxation.
Chronaxie determination. In a further 10 opossums, the chronaxie for the stimulus-relaxation was found to be 0.85±0.3 ms (SD).
Effect of frequency variation. In 10 other opossums, the frequency of the stimulus was varied, keeping pulse length constant at 0.5 ms and strength constant at supramaximal current strength of 300 mA. The optimal frequency was found to be about 12 cycles/s (Fig. 4) .
Single pulse experiments were done to see if the muscle behaved in the same manner as in response to train stimulation. Single pulses elicited relaxations (Fig. 5) . Lenqth-tension determination. The comparisons of the length-tension relationships among the serial strips across the gastroduodenal junction showed a systematic variation much like that previously reported at the esophagogastric junction (4, 5). The steepest slopes always occurred in the transitional strips, while slopes of the relaxing strips (just proximal to the transitional strips) were usually greater than those of the strips remote from the transitional strips. Length-tension curves appeared to be linear through about 160% of initial length. The linear regression slopes through 160% of initial length for the length-tension curves for all strips in all four experiments are shown in Table V responses to electrical field stimulation. Some actual length-tension curves appear in Fig. 7 .
DISCUSSION
These observations indicate the presence of stimulusrelaxation in the thickened ring of muscle at the gastroduodenal junction (which has long been considered to be the pyloric sphincter), a response which may be seen in an attenuated form for a short distance into the duodenum. There appears to be some degree of species variation, however, for it was found in all opossums and cats and in the one human specimen examined but in only two of eight dogs.
The ability of tetrodotoxin to abolish the response at 10' M without abolishing contractions elicited by direct electrical excitation of the muscle (using a long pulse duration) indicates that the stimulus-relaxation is a response of the muscle to electrical excitation of intramural nerves. This conclusion is also supported by the fact that the response can be elicited by single pulses, by the chronaxie, and by the low value for optimal frequency. The reason is unclear for the relative steepness of the slopes of the length-tension curve of strips from the junction. It may represent only the differences in composition of the strips. The transitional strip seemed to have more connective tissue than the others, and the duodenal strips contained Brunner's glands. However, the differences in slopes might be myogenic, as they appear to be in the esophagus (9) .
The idea of a distinctive innervation of the muscle of the gastroduodenal junction is an old one. Gaskell in 1916 (10) usually elicited contractions of antrum, pylorus, and duodenum, although sometimes relaxations occurred at the pylorus, a response which Thomas and Wheelon attributed to epinephrine release, claiming that the dog pylorus differed from that of other species in being inhibited by epinephrine. The view at that time was that the pylorus had no independent role in gastric emptying, with the implication that it has no special neural control system independent or different from that of adjacent regions (12) . The majority of work done to the present time on this matter has been done in the dog.
The results of these experiments suggest that dogs differ from cats and opossums (and possibly man) in respect to the innervation of the pylorus. At least in the latter three species, there does, indeed, appear to be distinctive inhibitory innervation to the pylorus. The lack of effect of the antagonists suggests that this response is mediated by nonadrenergic inhibitory nerves. Similar nonadrenergic inhibitory nerves have been demonstrated by similar techniques to be present at the esophagogastric junction in the region commonly considered to be the lower esophageal or cardiac sphincter (4, 5 .534 stock (13) has recently reviewed the nonadrenergic inhibitory (purinergic) nervous system and indicated that in the stomach the cell bodies of these neurons are probably localized in Auerbach's plexus. However, further regional localization has not been possible with present techniques. The only physiological mechanism that has been found to operate in the stomach as a result of stimulation of nonadrenergic inhibitory nerves is receptive relaxation of the fundus (14) . The present experiments suggest that the gastroduodenal junction, as well as the esophagogastric junction, may have a nonadrenergic inhibitory innervation independent of adjacent tissues, and this may constitute part of the definition of the sphincteric function.
Fisher, Lipshutz, and Cohen (15) studied the tension of the pyloric sphincter in the opossum in vitro and in man by manometry. They observed in the opossum an increase in resting tension with secretin and cholecvstokinin but not with gastrin, a finding we have partially confirmed. XWe did not observe an effect with secretin and pentagastrin, but cholecystokinin and cerulein both raised resting tension. Fisher and co-workers (15) generally confirmed their in vitro findings in their in vivo studies in man. It is difficult to determine whether manometric techniques used in those experiments (15) could localize changes in the tension of the pylorus, since the length of the gastroduodenal junction from our studies appears to be 2-4 nmm.
The role of the antrum and the pylorus in controlling gastric emptying is difficult to assess at present. In general, secretin, cholecystokinin, and gastrin delay emptying in man (16, 17) and dog (18) but have different effects on antral motor activity (18, 19) . Furthermore, a distinction must be made between the gastric emptying of liquids and solids, since removal of the pylorus in dogs has little effect on the gastric emptying of liquids but markedly accelerates that of solids (20) . Extrapolation of our in vitro findings in the dog to the in vivo situation is difficult in the present stage of our knowledge.
These experiments do not establish the pylorus as a sphincter, nor do they carry any implication about a role for the pylorus in the regulation of gastric emptying.
Thev do, however, indicate that the muscle of the gastroduodenal junction is distinct from adjacent muscle in the nature of its innervation. The presence of distinctive nonadrenergic nerves suggests that the pylorus must, at times, be made to relax by nerve action. Whether or not this is of real physiological importance in the process of gastric emptying remains to be seen.
